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DIETARY INTERRELATIONSHIPS: 
NICOTINIC ACID — TRYPTOPHANE 


By RUTH WOODS 


More than one fundamental concept in nutrition has arisen through 
research associated with pellagra. During the classic studies of Goldberger 
and coworkers on pellagra, evidence leading to the concept of a non-infec- 
tious type of disease caused by dietary deficiency was crystallized for the 
first time in medical history.* With the discovery by Elvehjem and his asso- 
ciates years later that a deficiency of nicotinic acid is the major factor in the 
cause of blacktongue in dogs and pellagra in man, it was thought that the 
mystery of pellagra was solved.** Certainly, administration of the new 
“pellagra-preventive” (P-P) vitamin both prevented and cured pellagra and 
effectively wiped out a disease that had once achieved epidemic proportions. 
Nevertheless, to the ever-questioning scientist, a few odd facts remained— 
small pieces in the major puzzle, but still untouched and unexplained. 

These facts were (1) that pellagra could be cured not only by nicotinic 
acid or good food sources of this and other B vitamins, but by the ingestion 
of adequate amounts of good quality protein foods such as meat and milk; 
(2) while many good quality protein foods automatically also provide essen- 
tial B vitamins, including nicotinic acid, milk—one of the most effective 
foods in the prevention and cure of pellagra is exceptionally low in nicotinic 
acid content; (3) further, that a diet containing adequate amounts of nico- 
tinic acid but composed largely of corn led to the development of pellagra, 
while certain other types of diets providing only one-third the amount of 
nicotinic acid, but containing no corn, were entirely effective in preventing 
pellagra. This last fact emphasized anew the centuries-old observation that 
the occurrence of pellagra is intimately associated with the eating of corn. 
Discovery of the vitamin deficiency nature of pellagra had obviously dis- 
credited earlier theories suggesting the presence of a “poisonous” ingredient 
in corn as the causative agent in this disease. Nevertheless the irreconcilable 
fact remained—diets composed largely of corn caused pellagra despite the 
presence of adequate amounts of the P-P vitamin. 

The solution to this knotty problem was reached with the recent develop- 
ment by Woolley and others of another new concept in the biochemistry of 
nutrition—the recognition of the existence of anti-vitamins.*** 


*cf. Borden’s Review of Nutrition Research, October, 1943, “The Conquest of Pellagra.” 


on Borden’s Review of Nutrition Research, November, 1943, “Nicotinic Acid—Key Vitamin 
in Pellagra.” 


***cf. Borden’s Review of Nutrition Research, October, 1946, “The Anti-Vitamins.” 
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Woolley’s investigations revealed the presence in corn of a compound, 
very closely related to nicotinic acid in chemical structure, but antagonistic 
to it in physiological function. This anti-vitamin has been shown to cause 
pellagra in experimental animals. In this way, the study of pellagra was again 
associated with the evolution of a new principle in nutrition. 

Still another chapter in the pellagra story remained to be written. It con- 
cerned the unexplained role of protein in the development and cure of 
pellagra. With the unfolding of this latest chapter, new light was shed upon 
another concept in modern nutrition: the dietary interrelationships which 
exist among the various nutrients and the profound influence which these 
interrelationships may have in determining both the quantitative and quali- 
tative requirements for a given nutrient. 


The Role of Corn in the Etiology of Pellagra: 


Before the demonstration by Woolley (1) of the existence of a pellagra- 
genic agent in corn, other investigators were studying the behavior of corn 
supplements in an attempt to discover its role in the production of pellagra. 
These investigations, developed along entirely different lines from those of 
Woolley, led to another explanation for the behavior of corn based on the 
phenomena of dietary interrelationships. While these findings did not take 
into account the existence of an anti-vitamin in corn, neither do they conflict 
with this fact; they represent parallel findings which are of equal importance 
in elucidating the role of corn in pellagra. 

In 1945, Krehl, Teply and Elvehjem published the results of a study in 
which rats on a nearly nicotinic acid-free ration were fed high levels (40%) 
of corn at the expense of the original basal ration. Although the corn pro- 
vided a source of nicotinic acid, the animals thus fed exhibited a marked 
retardation of growth. The growth-depressing action of the corn was com- 
pletely counteracted by the addition of nicotinic acid at levels of from 0.5 
to 1.0 mg. per 100 grams of the corn supplemented ration. 

These investigators noted also that unenriched corn grits which contain 
0.7 to 1.0 mg. of nicotinic acid per 100 gm. produced more profound growth 
depression than did yellow corn meal which contains about 2.0 mgs. per 
100 gm. Despite this fact, however, they found that polished rice or rolled oats, 
both of which contain significantly less nicotinic acid than whole yellow corn, 
produced no growth depression when fed under identical conditions. Simi- 
larly, milk, although very low in nicotinic acid, was found to be active in 
counteracting the growth depression caused by corn. 


Other pertinent observations included the fact that the kind of carbohy- 
drate and the amount of casein provided both modify the effect of corn. 
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With glucose instead of sucrose or with 20 per cent of casein instead of 15 
per cent or less the deleterious effect of corn was reduced. 


Some months later, these investigators extended their studies to include 
an analysis of the protective behavior of casein in corn diets (2). Since the 
protective action of casein could not be explained on the basis of its nicotinic 
acid content, other possible factors were considered. Because corn protein is 
deficient in the essential amino acids lysine and tryptophane, it seemed 
possible that the additional casein might be contributing these amino acids 
in sufficient quantity to overcome the deficiency caused by corn. 


It was found that /(-+-)-— lysine included in the ration at a level of 0.5 
per cent did not alleviate the growth depressing effect of corn.* When 
/- tryptophane was added at a level of 0.4 per cent to the low casein plus 
corn diet there was a dramatic growth response. When fed from the begin- 
ning in this ration, d, /— tryptophane at levels of 0.5 and 1.0 per cent was 
also effective, as was /— tryptophane in amounts as low as 0.05 gm. per 
100 gms. of ration. The effectiveness of polished rice as a supplement, even 
though it contains less nicotinic acid than corn, was thought possibly to be 
due to its somewhat higher tryptophane content. 


As the authors pointed out, although the efficacy of feeding either trypto- 
phane or nicotinic acid (50 mg. of the former or 1 mg. of the latter per 
100 gms. of ration) was obvious, the mechanism of their apparent inter- 
changeability remained obscure. A possible explanation based on extensive 
changes in the intestinal flora, as evidenced by studies with various carbo- 
hydrates, was suggested. 


Reference was made also to the early writings of Goldberger (4) who 
suggested some connection with protein deficiency in view of the fact that 
large amounts of meat and milk were found to be beneficial in treating 
pellagra. At that time, Goldberger (5) had also reported favorable results 
with the amino acids cystine and tryptophane. 


As a result of their investigations, Krehl et al established the fact that the 
presence of corn in a synthetic low protein diet alters the dietary nicotinic acid 
and tryptophane requirement of the growing rat. They demonstrated further that 
under such conditions corn is a causative factor in the production of a nicotinic 
acid deficiency in the rat, a species which heretofore had not been shown to require 
this vitamin in the diet. The elimination of this effect of corn by use of high levels 
of casein in the diet or the addition of tryptophane to low casein diets demon- 
strated for the first time in animal nutrition the existence of an interrelationship 
between a vitamin and an amino acid. 


*This was not entirely unexpected, because even the low level of casein supplied almost enough 
lysine to satisfy the animals’ requirements. 
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Influence of Protein and Carbohydrate 
On Nicotinic and Trpytophane Requirements: 


Continued studies on the interchangeable role of nicotinic acid and trypto- 
phane soon led to a number of additional findings of unexpected interest. 
Perhaps the most significant of these was the discovery that the interrelation- 
ship between nicotinic acid and tryptophane is not restricted to corn supple- 
mented rations; similar effects could be demonstrated with non-corn rations 
low in either nicotinic acid or tryptophane. Other findings demonstrated a 
significant influence of (a) the type of dietary protein, (b) the nature of 
the total amino acid content of the ration and (c) the nature of the dietary 
carbohydrate on the requirement for the vitamin or the amino acid. 


Effect of Corn and Other Cereals: In a subsequent study designed to 
determine the effect of various cereal supplements to low nicotinic acid basal 
rations,* Krehl et al (6) repeated their earlier studies with corn grits, 
yellow and white corn, polished rice and whole rolled oats. In addition, they 
included studies with refined wheat flour, whole rye flour and soybean 
flour. Good growth resulted in every case, except with the corn products. 
Yellow and white corn permitted an average weekly gain of only 14 or 13 
grams, respectively, as compared to average gains almost double that on 
other cereal supplemented diets; corn grits, a product consumed in large 
quantities in the southern part of the United States, permitted an average 
gain of only 7 grams per week, half that of yellow or white corn. The 
growth promoting properties of the other cereals, almost all lower in nico- 
tinic acid content than corn, was attributed in part to their higher tryptophane 
content (Table 1). 


Effect of Carbohydrate: The type of carbohydrate used in synthetic 
rations has been shown to have a marked influence on vitamin synthesis in 
the intestinal tract** (7, 8). Accordingly, the effect of corn was tested when 
fed with sucrose, glucose, dextrin and lactose. Of these beneficial effects | 
were obtained with glucose, dextrin and lactose, but not with sucrose. 
Decreasing the general vitamin level of the diet nullified the favorable 
influence of glucose in protecting against corn. Increasing the general vitamin 
level other than nicotinic acid had no detectable beneficial effect. 


Effect of Milk and Milk Products: The addition of small amounts of milk 
(5 and 10 ml. per day) to the corn ration resulted in marked beneficial effects 
as did also the addition of whole milk powder at levels of 5 and 10 gm. per 
100 gm. of ration and the addition of skim milk powder. The favorable 
results with milk were further enhanced by the addition of nicotinic acid 


*The low nicotinic acid basal ration was demonstrated to be adequate for growth. 
*%*-f, Borden's Review of Nutrition Research, May, 1946, ‘The Biosynthesis of Vitamins.” 
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in which milk is quite low. Analysis of the effects of milk indicated that its 
beneficial effects cannot be attributed to its nicotinic acid content or even to 
its relatively high tryptophane content alone, but are probably also the result 
of a favorable change in the intestinal flora induced by the high level of 
lactose provided by milk (6). 


Table 1. 


Protein, Tryptophane and Nicotinic Acid Contents of Dietary Supplements. . 
(From Krehl et al, J. Nutr. 31, 85 [1946]) 


Protein, Tryptophane and Nicotinic Acid 
Content of Supplement 




































































Supplement 
Protein Nicotinic 
(Nx 6.25) Tryptophane Acid 
% mg. % mg. % 
ee ean see ‘ 9.0 25 0.65 
i yy mei 8.5 52 2.28 
er ET a 9.2 55 2.25 
Ethanol extracted yellow corn 7.2 43 1.30 
Polished rice .... ‘ 7.5 75 1.40 
Soybean flour .... ; ” 50.0 600 2.00 
Ee ID enienencnsedeinnnine —_ 15.0 150 5.50 
Refined wheat flour! .... = 13.5 108 } 1.0 
Whole rye flour 12.5 125 1.05 
Rolled oats .......... 12.5 150 1.05 
Skim milk powder 37.5 450 1.05 
Klim? - 26.8 322 0.66 
Whole milk .. 3.4 54 0.08 
0 snndimnbiaatiaieeanant ‘ 100. 1200 <0.01 
IIIS ssseieniouettileiitehaianeniaeleiliiaatainaeialdiiaipaninaii 88. 8008 1.62 
TD \ciintetnieeccndatesenieumnaine 105. 0.0 <0.01 








1 Unenriched white flour. 
2 A commercial whole milk powder. 
8 Caiculated as 0.8%, based on 100% protein, calculated to 16% nitrogen. 


Effect of Non-Corn Rations: In view of the evidence indicating that at 
least part of the deleterious action of corn is due to its deficiency in trypto- 
phane, an effort was made to discover whether this action could be demon- 
strated with non-corn containing rations that are also low in tryptophane. 
A number of such rations were devised in which the principle protein used 
was wheat gluten (low in tryptophane) ; gelatin was used as a supplementary 
protein to compensate for other amino acid deficiencies. With sucrose as 
the carbohydrate, rats failed to grow on this ration unless nicotinic acid or 
tryptophane was added. The authors point out, therefore, that corn is not 
unique in producing severe growth failure and that the corrective interplay 
between nicotinic acid and corn is not restricted to corn supplemented rations. 
The same effects of carbohydrate variations were observed on the wheat 
gluten rations as on the corn rations, again indicating the possible influence 
of intestinal synthesis on requirements for nicotinic acid or tryptophane. 
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Effect of Protein: In a subsequent study, Krehl et a/ (9) attempted to 
determine the effect of using different proteins of varying tryptophane con- 
tents on the deleterious action of corn supplemented diets. They found that 
replacement of low levels of casein with the same levels of proteins richer 
in tryptophane, such as fibrin, egg albumin or soy bean globulin, prevented 
the growth retarding effect of corn grits. 

They demonstrated also that retardation of growth could be obtained on 
non-corn containing rations low in both nicotinic acid and tryptophane by 
adding tryptophane-free proteins or an acid-hydrolyzed protein* to such 
rations. Similarly, studies with zein, the principal protein in corn, resulted 
in poor growth unless either nicotinic acid or tryptophane was added. This 
was interpreted as indicating quite strongly that the deleterious action of 
corn in creating a nicotinic acid deficiency or an increased tryptophane re- 
quirement in the rat is intimately related to the protein—or more correctly— 
to the distribution of amino acids in the protein of this cereal. | 


Niacin-Tryptophane Interrelationships in Other Species: 


Following the studies on corn-nicotinic acid-tryptophane interrelations in 
rats, experiments were extended to include other species. In dogs, it was 
found similarly that the presence of corn grits in purified rations consider- 
ably increased the animals’ requirements for nicotinic acid (10). Soon after- 
ward, similar results were obtained with chicks on purified rations containing 
40% corn grits. (11). Since corn is often a major ingredient in chick rations, 
the presence of adequate amounts of nicotinic acid in the feed is of great 
importance in the commercial feeding of poultry. The findings with chicks 
were corroborated by Briggs et al (12) who also confirmed the thesis of 
Krehl et al (9) with respect to an amino acid imbalance of certain proteins 
(notably zein and gelatin) as a major factor in the growth depressing action 
of tryptophane-low proteins. They postulated also that nicotinc acid might 
be necessary for the metabolism of excess amino groups,** thereby increasing 
the requirement for this vitamin. The role of corn in precipitating signs 
of nicotinic acid deficiency was noted also by Scott et al (13) for chicks, 
Davis et al (14) in pigs and others. Other investigators, studying pigs (15, 
16) and dogs (17) have noted a relationship between the protein content 
of the ration and the nicotinic acid requirement. However, the relationship 
of the tryptophane content of the protein to the nicotinic acid need of the 
animals was not established in these earlier cases. More recently, the sig- 
nificance of the nicotinic acid—tryptophane relationship on low protein corn 
rations has been more clearly demonstrated with pigs (18, 19) and also with 


the horse (20). 


*Freed of tryptophane. 
**Such as are present in the amino acids arginine, glycine and alanine. 
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Mechanisms of Nicotinic Acid—Tryptophane Relationship: 


Scientific research has established the existence of significant inter-rela- 
tionships in many animal species between (1) nicotinic acid and tryptophane 
interchangeability in the diet, (2) the association of high corn diets and an 
increased requirement for either nicotinic acid or tryptophane, (3) the asso- 
ciation of tryptophane-low proteins in a corn-free diet and an increased 
requirement for either nicotinic acid or tryptophane. Nevertheless, there is 
still considerable speculation as to the meaning of these interactions and the 
mechanisms whereby they operate. Three major theories have thus far been 
offered, but none of these can satisfactorily explain all of the facts; it may 
be that the final answer will be found in a combination of all three: 

(1) Tryptophane is essential to the intestinal synthesis of nicotinic acid; also nico- 
tinic acid is essential for maximum utilization of tryptophane (20a); also, 
an amino acid imbalance such as occurs with excess corn or certain other pro- 
teins (wheat gluten, gelatin) interferes with the intestinal synthesis of nico- 
tinic acid. 

(2) Corn contains a structural analog of nicotinic acid which, by competitive 
inhibition, makes the nicotinic acid of corn unavailable for use by the animal 


organism. However, no such pellagragenic agent has been reported in other 
proteins associated with increasing nicotinic acid or tryptophane requirements. 


(3) Tryptophane is a metabolic precursor of nicotinic acid in animal tissues (a 
phenomenon distinct from that of synthesis by bacteria in the intestinal tract) 
and contributes in this way to the body supply of nicotinic acid. 


Intestinal Synthesis: The synthesis of nicotinic acid by intestinal micro- 
organisms has been suggested on the basis of experiments demonstrating the 
effect of carbohydrates such as dextrin and lactose in preventing growth 
inhibition on diets deficient in nicotinic acid. These carbohydrates are known 
to favor activity of the intestinal microorganisms, and their efficacy in pre- 
venting signs of nicotinic acid deficiency has been attributed to their estab- 
lishment of an intestinal flora capable of synthesizing the vitamin (6, 21, 22). 
Similarly, the favorable pellagra preventing action of milk has been at- 
tributed in part to the influence of milk in stimulating intestinal synthesis (6). 


(Amino Acid Imbalance): The finding that rats would grow well on 
diets low in both tryptophane and niacin when fed a protein well balanced 
with respect to its amino acid content has also been related to the phenome- 
non of intestinal synthesis. The fact that the addition of certain proteins 
or of certain synthetic amino acids increased the nicotinic acid-tryptophane 
requirement (21, 23) was again attributed to an adverse effect of amino 
acid imbalance on intestinal microorganisms. 


(Viamin Interrelationships): An apparent interplay between nicotinic 
acid and at least two other B vitamins has been reported. Junqueira and 
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Schweigert (24) found that a lack of pyridoxine inhibits the transformation 
of tryptophane to nicotinic acid. Krehl and associates (25, 22) found evi- 
dence for an unusual role of folic acid in nicotinic acid deficiency. They 
found that experimental animals on prolonged nicotinic acid-deficient diets 
failed to respond to nicotinic acid when finally supplied, but did improve 
when given folic acid, milk or liver extract. The authors suggested that 
nicotinic acid deficiency permanently changed the nature of the intestinal 
bacteria and destroyed the microorganisms which synthesized folic acid. The 
animals were thus suffering a folic acid deficiency as well as a result of lack 
of nicotinic acid. 


Pellagragenic Agent in Corn: The demonstration by Woolley (1) of a 
substance in corn concentrates which induced pellagra in mice on low protein 
diets offers another explanation for the behavior of corn in the etiology 
of pellagra. Kodicek et al (26) have demonstrated that indole acetic acid, 
a structural analog of both nicotinic acid and tryptophane, known to exist 
in corn, inhibits growth in rats and that this effect can be counteracted by 
either nicotinic acid or tryptophane. Similarly, Woolley (27) found that a 
synthetic analogue of nicotinic acid, 3-acetylpyridine causes pellagra in mice 
which responds to treatment with either nicotinic acid or tryptophane (28). 
These facts leave unexplained, however, the effect of certain types of non- 
corn rations in precipitating symptoms of nicotinic acid deficiency. 

Tryptophane as a Metabolic Precursor of Nicotinic Acid: As early as 
1942, Huff et al (29) had shown that the feeding of casein or of individual 
amino acids led to the synthesis of nicotinic acid in rats on a protein-free 
diet. Following the reports of Krehl and coworkers on tryptophane-nicotinic 
acid interrelationships, Rosen, Huff and Perlzweig (30) decided to extend 
their earlier studies to investigate the effect of tryptophane on the excretion 
of nicotinic acid derivatives* in the rat. They found a marked drop in nico- 
tinic acid excretion when casein was replaced by gelatin, protein deficient 
in tryptophane. Addition of pure /— tryptophane was followed by an imme- 
diate increase, within 24 hours, of nicotinic acid excretion. Similar results 
were obtained when tryptophane was added to a casein diet. These findings 
were reported almost simultaneously with a similar report by Singal et a/ 
(31) and were also confirmed by others (20). The probable conversion of 
tryptophane to nicotinic acid in man also has been demonstrated by the 
same method in adults (32) and in infants (33). 

(Precursors of Nicotinic Acid): The biosynthesis of nicotinic acid was 


investigated by Bonner and Beadle (34) using the mold, Nexrospora, as a 
test organism. They found that tryptophane could be substituted successfully 


*Chiefly methylated derivatives. 
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for nicotinic acid as a growth stimulant for this organism. Several mutant 
strains of Nezrospora, however, were unable to make this substitution indi- 
cating an inability to perform the biosynthesis of nicotinic acid from trypto- 
phane. It was postulated that these mutants differ from each other in that 
each is unable to perform one of a series of steps in the formation of nico- 
tinic acid. Using these mutants, this postulation was confirmed by experi- 
mental findings. These indicated (35) that the biosynthesis of nicotinic acid 
proceeds from tryptophane through a number of intermediates, one of which 
was identified as kynurenine, a benzenoid compound: 


O 
—¢—ciir-CH—-CooH 
NH: NH: 
Kynurehine 


The next step was to determine how the benzenoid, kynurenine, is con- 
verted to nicotinic acid, a pyridine compound (i.e. containing a nitrogen 


atom in its ring): 
Cy" 


WICOTINIC 
ACID 

The most likely mechanism for such a conversion appeared to be a ring 

closure to form kynurenic acid. This compound, having both a benzenoid 

and a pyridine ring OH , could then be further oxidized 


Kynurenic acid 


to yield nicotinic acid. Both microbiological (36) and radiotracer (36) 
methods proved, however, that this reaction was not operative. 

An alternative mechanism for the change from kynurenine to nicotinic 
acid was then suggested. This involved the oxidation of kynurenine to form 
hydroxy anthranilic acid: | 


o , the latter still 
Aen en-coon > OS" 
NH, NH: OH 
Kynurenine: cumdinaaa Lic 


AGID 
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being a benzenoid compound. Tests with Nexrospora confirmed the fact 
that 3-hydroxyanthranilic acid is indeed a precursor of nicotinic acid (37, 
38). In a later paper, Mitchell et a/ (39) demonstrated that this compound 
can be used as a substitute for nicotinic acid by the rat as well thus indicat- 
ing a pathway of biosynthesis in this species similar to that in Neurospora. 
The steps in the further conversion of the benzenoid, 3-hydroxyanthranilic 
acid to the pyridine, nicotinic acid, remain yet to be elucidated. 


Conclusion: 


The studies leading to the discovery of the biological interrelationships 
between tryptophane and nicotinic acid and between these nutrients and 
other dietary factors have opened up a new approach to the evaluation of 
the nutritive value of a particular ration. No longer can the adequacy of a 
given ration be estimated from a simple quantitative analysis of its com- 
ponents. It is now recognized that the interplay among the individual nutri- 
ents in a diet may so influence each other as to heighten or lessen the absolute 
requirement for a specific essential; so that the actual amount of a specific 
essential can no longer be taken as an index of its adequacy in the diet. The 
interpretation of dietary values, therefore, must now rest on a broader basis 
than heretofore recognized. The practice of fortifying or enriching diets 
with individual nutrients now must also be reevaluated in terms of what the 
effects will be on dietary balances or imbalances among the various nutrients 
already present in the diet. 

Although the interrelationship between the vitamin, nicotinic acid, and 
the amino acid, tryptophane, is one of the first of such to be recognized in 
animal and human nutrition, evidence is steadily mounting for the existence 
of numerous other interrelationships of a similar fundamental nature. 
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